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Abstract 
The polymerase chain reaction (PCR) methodology 
can be employed to produce DNA hybridization probes. 
The major advantages of this paradigm over other 
techniques include superior specific activity of the 
probes, the versatility of sequence selection, the ability 
to produce short probes, and the simplicity of the 
procedure. We have further improved the efficiency of 
PCR probes by generating single stranded (ssDNA) 
probes that do not reanneal with themselves in solution, 
and hence, their availability for the interaction with the 
complementary sequences of the target is profoundly 
increased. Protocols for 32P-dCTP labeled and digoxi-
genin-dUTP labeled probes have been elaborated to 
maximize the incorporation rate of the label as well as 
to provide for the production of full-length probes. The 
ssDNA probes may be particularly suitable for nucleic 
acid detection in tissues by in situ hybridization. 
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The quality of hybridization probes is a decisive 
factor in the sequence-specific detection and/or quantita-
tion of nucleic acids. The polymerase chain reaction 
(PCR) (Saiki et al., 1985, 1988) provides a convenient 
technique to generate hybridization probes that in many 
aspects are superior to those prepared by other tech-
niques (Konat et al., 1994). Both internal labeling, i.e., 
the incorporation of labeled dNTPs into the extending 
strand, and end labeling, i.e., the extension of labeled 
primer can be performed. Protocols for both isotopic 
(Jansen and Ledly, 1989; Schowalter and Sommer, 
1989; Bednarczuk et al., 1991; Konat et al., 1991; 
Blakeley and Carman, 1991) and nonradioactive variety 
(Day et al., 1990; Lo et al., 1988; Konat et al., 1991; 
Liesack et al., 1990; Lion and Haas, 1990; Lanzillo, 
1990; Emanuel, 1991; Tabibzadeh et al., 1991; 
Uchimura et al., 1991) are available. The detection 
sensitivity of such probes is comparable to riboprobes 
(Schowalter and Sommer, 1989). Other major advan-
tages of PCR include the versatility of sequence selec-
tion, the ability to produce discrete short probes, the 
requirement for only small amounts of even unpurified 
DNA template, and the simplicity of the procedure. 
The efficiency of PCR probes can further be 
improved by generating single stranded (ssDNA) probes 
(Bednarczuk et al., 1991; Konat et al., 1991) that do not 
reanneal with themselves in solution, and hence, their 
availability for the interaction with the complementary 
sequences of the target is profoundly increased. For 
example, the use of ssDNA probes results in an approxi-
mately 8-fold increase in the signal intensity as com-
pared to double stranded (dsDNA) probes as assessed by 
Northern blot analysis (Bednarczuk et al., 1991; Fig. 1). 
The reaction conditions for the generation of 32P-dCTP-
labeled and digoxigenin-dUTP labeled probes have been 
elaborated to maximize the incorporation rate of the 
label as well as to provide for the production of full-
length probes (Konat et al., 1991). The ssDNA PCR 
technology that yields discrete, high efficiency probes 
may be particularly suitable for nucleic acid detection in 
tissues by in situ hybridization. 
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Figure 1: Hybridization efficiency of ssDNA versus 
dsDNA PCR probes. Total rat brain RNA was isolated 
by the acidic guanidinium thiocyanate-phenol-chloroform 
method (Chomczynski and Sacchi, 1987), size fractionat-
ed by electrophoresis on 1 % agarose gel, vacuum 
transferred onto a Nytran membrane (Schleicher and 
Schuell, Keen, NH), and UV cross-linked. The mem-
branes were stained in 0.02 % methylene blue to visual-
ize the RNA (panel A). The membranes were subse-
quently hybridized with radiolabeled probes, and washed 
at high stringency (0.2XSSC, 0.1 % SDS, 60°C, 60 
min). Both, the dsDNA probe (panel B) and the ssDNA 
probe (panel C) were generated using 250 µCi of a 32P-
dCTP (Du Pont NEN, Boston, MA). The autoradio-
grams show Northern blots following 4 h exposure with 
an intensifying screen. The positions of 28S and 18S 
ribosomal RNA are the same in all three panels. The 
lanes 1 and 4 contained 8 and 3 µg, respectively, of total 
RNA from 3-week-old rat brain, while the lanes 2 and 
3 contained 24 and 2 µg, respectively, of total RNA 
from 3-month-old rat brain. Densitometric quantitation 
revealed that ssDNA hybridization probes resulted in 
approximately 8 times higher signal intensities as 
compared to dsDNA probes. 
Reproduced from Bednarczuk et al. (1991) by 
permission of Eaton Publishing Co., 154 E. Central St., 
Natick, MA 01760-3644 USA. 
Materials and Methods 
The strategy for the production of ssDNA probes is 
schematized in Fig. 2, and detailed protocols for the 
generation of 32P-dCTP-labeled and digoxigenin-dUTP 
labeled probes (Konat et al., 1991) are provided below. 
Materials and equipment 
GeneAmpT DNA Amplification Reagent Kit is 
obtained from Perkin Elmer Cetus (Norwalk, CT). 32P-
a-dCTP ( > 3,000 Ci/mmol) is from ICN Biochemicals 
(Irvine, CA). Digoxigenin-11-dUTP (DIG-dUTP) and 
Quick Spin G-50 columns are purchased from 
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Figure 2: Flow diagram for generation of hybridization 
probes by linear PCR. In the initial step, the DNA 
fragment of interest is amplified either from reversely 
transcribed (RT) mRNA, from cloned DNA, or from 
genomic DNA by conventional PCR using a pair of 
specific primers. This double stranded (dsDNA) frag-
ment is subsequently used as a template for the genera-
tion of single stranded DNA molecules (ssDNA) by 
linear PCR with only one, e.g., antisense primer. 
Because the ssDNA is arithmetically amplified, the 
number of ssDNA strands (n) generated on one molecule 
of dsDNA template corresponds to the number of PCR 
cycles. The labeling of ssDNA probes is attained by the 
incorporation of labeled nucleotides into the linear PCR 
reaction. 
Boehringer Mannheim (Indianapolis, IN), and Elutip-d 
from Schleicher and Schuell (Keen, NH). Oligonucleo-
tide primers (20-mers) are custom synthesized and 
HPLC-purified by Operon Technologies (Alameda, CA). 
All PCR amplifications are performed in a DNA Ther-
mal Cycler (Perkin-Elmer Cetus, Norwalk, CT) in 
standard 0.5 ml eppendorf tubes. The reagents and 
equipment of comparable quality obtained from other 
commercial suppliers may also be used. 
Preparation of dsDNA template 
A DNA fragment is amplified by the conventional 
two-primer PCR from an appropriate DNA, e.g., 
reversely transcribed RNA, genomic digest, or cloned 
inserts (Fig. 2). The amplicon is subsequently isolated 
by 1 % agarose gel electrophoresis and purified by 
Elutip-d elution using the manufacturer's protocol. The 
dsDNA template is quantitated spectrophotometrically at 
260 nm. 
PCR-generated hybridization probes 
Generation of radiolabeled ssDNA probes 
The PCR amplification reaction contains in a total 
volume of 25 µl: IX PCR buffer (10 mM Tris-HCl, pH 
8.3, 50 mM KCl, 1.5 mM MgC12, 0.01 % gelatin, pH 
8.3), 20 µM of each dATP, dTTP and dGTP, approxi-
mately 25 ng of dsDNA template, 1 µM primer (anti-
sense), 2 µM 32P-dCTP (150 µCi), and 0.62 units ofTaq 
polymerase. The mix is overlaid with approximately 25 
µl of mineral oil, and processed through 30 cycles at the 
following profile: (1) denaturation for 2 min at 94 °C, 
(2) annealing for 2 min at appropriate temperature 
(determined for a particular template/primer set), (3) 
extension for 5 min at 72°C. 
Subsequently, the reaction mix is diluted with 25 µl 
water, and the probe is purified from unincorporated 
nucleotides by passing the mix through a Quick Spin 
G50 column. Although the best results are obtained with 
freshly prepared probes, the probe can be stored for 
several days at -20°C. 
Generation of digoxigenin-labeled ssDNA probes 
The PCR amplification reaction contains in a total 
volume of 100 µI: IX PCR buffer (10 mM Tris-RC!, 
pH 8.3, 50 mM KCl, 1.5 mM MgCl 2, 0.01 % gelatin, 
pH 8.3), 100 µM of each dATP, dCTP and dGTP, 90 
µM dTTP, 10 µM DIG-dUTP, approximately 400 ng of 
dsDNA template, 3 µM primer (antisense), and 7.5 units 
of Taq polymerase. The mix is overlaid with approxi-
mately 25 µl of mineral oil, and processed through 45 
cycles at the following profile: (1) denaturation for 1.5 
min at 94 °C, (2) annealing for 1.5 min at appropriate 
temperature ( determined for a particular template/primer 
set), (3) extension for 2 min at 72°C. 
Subsequently, the aqueous phase is mixed with 0.1 
vol of 4 M LiCl and 3 vols of ethanol, and placed at -
20°C for 30 min. The DNA is spun down (12,000 g, 20 
min), and the pellet is washed with 100 µI 70% ethanol, 
air-dried, dissolved in TE buffer, and stored at -20°C. 
Commentary 
The identity of templates prepared from complex 
nucleic acid mixtures, i.e., genomic digest or total RNA 
should be confirmed by restriction and sequence analy-
sis. The removal of unincorporated dNTPs and primers 
from dsDNA template is another critical step required 
for successful generation of high quality ssDNA probes. 
Although the procedure described in Materials and 
Methods yields highly purified templates, alternative 
methods can also be employed. 
The ssDNA protocols employ a linear (arithmetic) 
amplification paradigm in which the production of 
probes is proportional to the number of thermal cycles, 
and to the amount of dsDNA template. Thus, relatively 
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high concentrations of the template have to be used to 
maximize the generation of the probes. Excessive 
amounts of template, however, are undesirable as they 
result in higher proportion of unlabeled DNA, and 
consequently may reduce the intensity of hybridization 
signal through annealing with the labeled probe. 
The experimental conditions for individual tem-
plate/primer sets may require adjustment to optimize the 
quality (average length) and the quantity (yield) of the 
probes (Konat et al., 1991). This pertains chiefly to the 
annealing temperature and magnesium concentration. 
Furthermore, some DNAs may require DMSO or other 
agents of choice as well as hot start to attain efficient 
amplification/labeling. In general, the optimal conditions 
found for the dsDNA template amplification should also 
be optimal for the generation of ssDNA probes. 
In the radiolabeled protocol the reaction conditions 
are suboptimal in regard to dNTP, and especially, dCTP 
concentration. Consequent! y, the radio labeling reaction 
requires a 5 min extension time to ensure high propor-
tion of full-length probe. Under these conditions, 
approximately 50 % yield of 32P-dCTP incorporation is 
reached after 30 cycles of amplification (Konat et al., 
1991), which is comparable to the efficiency of incorpo-
ration observed for dsDNA probes (Jansen and Ledley, 
1989). For some applications (e.g., in situ hybridization) 
35S or 3H labeled nucleotides can be incorporated using 
the same protocol. 
In the nonradioactive probe paradigm the template 
concentration is increased four fold as compared to the 
radiolabeling protocol to maximize the production of the 
ssDNA probe at high dNTP concentration. The optimal 
concentration of both Taq polymerase and the primer is 
three times higher, whereas the concentration of dNTPs 
is 50 % lower than the standard concentrations for 
exponential (two primer) PCR (Saiki, 1989). Under 
these conditions, approximately 8 µg of full-length 
digoxigenin-labeled ssDNA probe (60 % incorporation) 
can be generated in a 100 µl reaction using 45 cycles 
(Konat et al., 1991). The specific labeling of these 
probes can be further augmented by increasing the ratio 
of DIG-dUTP to dTTP up to 1:2 (Emanuel, 1991). The 
DIG-labeled probes preserve their activity for at least 
one year when stored at -20°C (Lion and Haas, 1990). 
The versatility of ssDNA technique combined with 
high efficiency of the probes will undoubtedly be 
valuable for the detection of nucleic acids in tissues. For 
example, short discrete probes specific to any segment 
of a message or a gene can be easily produced by 
selecting appropriate primers. Such discrete probes will 
be highly desirable for detection of differentially spliced 
messages, or genetic alleles. The simplicity of sequence 
selection will also help to overcome possible problems 
of disadvantageous secondary structure of certain regions 
G.W. Konat 
of nucleic acids that may impede hybridiz.ation. Further-
more, if required, both sense and antisense probes can 
be conveniently generated from the same dsDNA 
template by extending one of the two primers. 
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Discussion with Reviewers 
M. Malecki: In your work you reported 8-fold increase 
in signal intensity generated with ssDNA as compared to 
the dsDNA. Have you noticed variability in signal 
intensity dependent on the reporter molecules used? 
Author: The increased hybridiz.ation efficiency of 
ssDNA probes as compared to dsDNA probes is mostly 
attributed to their inability to reanneal in solution. The 
sequence of a probe itself should not affect the ratio of 
hybridiz.ation efficiencies, however, we only compared 
probes generated on the PLP-specific template. 
M. Malecki: Taq polymerase is recommended in your 
protocol. Would you anticipate a higher fidelity through 
proof reading using, e.g., Pfu? 
Author: A few misincorporated bases introduced in vitro 
by DNA polymerases would in most cases have a 
minimal effect on the stringency of hybridiz.ation. 
However, during the generation of radiolabeled probes 
when the concentration of dNTPs (and especially dCTP) 
is greatly reduced the infidelity of polymerases may 
increase significantly, and consequently reduce the 
stringency. Pfu polymerase could reduce the mutation 
rate by approximately IO-fold. However, it should also 
be considered that the integral 3 ' -( editing)-exonuclease 
activity of Pfu may increase at low dNTP concentra-
tions, and hence, profoundly reduce the amount of 
ssDNA molecules, or their length. 
